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Abstract 
This paper looks at the impact deformation and turnover stability of both feather and synthetic shuttlecocks using a 
racket based launcher. Flight of a shuttlecock can be described by steady state and unsteady state. Previous works 
were mainly focused on the steady state flight. While bulk of flight is in the steady state, the transient unsteady state 
is critical because it determines the initial condition of stabilized flight. The whole phase of rapid angular change 
during the unsteady state is the turnover process. Impact deformation and turnover response were studied with a 
racket-based launcher. Angles of attack with respect to time were recorded using high speed capturing. While the 
resultant plot showed significant variations between shuttles, most completed turnover process within 0.05s to 0.06s. 
Despite inherent disadvantage in density of the skirt material, turnover stability of synthetic shuttlecock was not 
compromised. All shuttles exhibited under damped behaviour in angular response and a 2nd order approximation was 
identified for the mean response of each. Feather shuttles have higher damping factor and smaller natural period. 
Higher-grade feather shuttle was observed to maintain skirt structural integrity better than lower tier shuttle in the 
impact deformation testing. Skirt stiffness is desirable to prevent deformation upon impact at higher racket speed. 
The practice grade feather shuttle displayed deformation pattern akin to a blooming flower, while the top grade 
shuttle was able to resist impact deformation at same racket speed. In conclusion, higher-grade shuttles could resist 
skirt deformation from racket-shuttle impact and attain steady state flight within a shorter time.  
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1. Introduction 
Badminton, a sport that evolved from battledore and shuttlecock, is a game that can be played by two 
or four players. The main objective of the game is to simply get the badminton shuttlecock across the net 
and onto the opponent’s court. The shuttlecock that is played can be a feather shuttlecock comprising of 
16 waterfowl feathers, or a synthetic shuttlecock made from polymer materials, such as nylon. Flight of a 
badminton shuttlecock can be given by the unsteady and steady flight states [1]. The unsteady flight state 
occurs from moment of contact between the shuttlecock and racket, till after the shuttlecock has achieve a 
stable heading. Once stabilized, the shuttlecock transits into steady flight. Bulk of shuttlecock flight 
occurs in steady flight state and most literatures on shuttlecocks focuses on this flight state.  
In contrast, the unsteady flight state, a rapid transient phase, is much less studied and few publications 
on this area exist in the open literature. Two performance indicators of this phase are discussed in this 
work- Impact deformation and turnover stability. Impact deformation refers to the momentary skirt 
deformation observed upon impact between the shuttlecock and racket. It differs from the drag reducing 
skirt shrinkage that results from high flow rate in the steady flight phase [2, 3]. While deformation in the 
steady flight state is commonly studied, such as that seen in [1, 2, 4, 5], impact deformation remains a 
relatively unexplored field, except for the work by Cooke [6]. 
Turnover refers to the flipping experienced by a shuttlecock when undergoing heading change from 
nose pointing against the flight path at moment of impact, to nose pointing towards the flight path after it 
has stabilized. Texier, Cohen, Quéré, and Claneta [7] presented a chronophotograph of a shuttlecock in 
the turnover process. However, there was no comparative analysis of turnover stability between 
shuttlecocks. Cooke [6] compared the difference in turnover and impact deformation between a feather 
shuttlecock and a synthetic shuttlecock. While the time to complete turnover was found to be similar 
(0.03s) in [6] and [7], there was no mention about the actual angular behaviour of the shuttlecocks at 
turnover, nor the detailed launch condition. Moreover, Morgan [8] observed that when subjected to 
varying launch condition, distance required to complete turnover can range from 0.2m to 0.8m. Therefore, 
comparison of turnover performance should only be done when parameters at launch are known.  
Since understanding in these areas is limited, the primary objective of this work is a comparative 
analysis of the turnover and deformation of various shuttlecocks through observation by high-speed 
capturing. 
2. Methodology 
2.1.  Observation of turnover 
Turnover stability of feather (Li-Ning and Kason) and synthetic (Mizuno, Yonex, and Max) 
shuttlecocks was investigated. Turnover processes of the shuttlecocks were captured using a Photron PCI 
1024 high-speed camera, recording at 1000 frame per second (fps). A badminton racket based mechanical 
shuttlecock launcher was used to eliminate inconsistency from launch to launch. Resultant airspeed for 
the various shuttlecocks ranged from 22-24m/s under the same racket swing speed. Launch shot was 
similar to that of a clear shot, where the flight path angle with respect to the horizon is approximately 30 
degrees at launch. 
Videos captured were analyzed with Tracker, a tracking software developed by Douglas Brown [8]. 
The in-flight angles of attack were measured at an interval of 0.005s. A superimposed shot obtained 
through layer blending of screen shots of a video is given in Fig 1. To eliminate any discrepancies arising 
from externalities, each shuttlecock was tested 8 times. The data was then processed and performance 
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Fig 1. Stitched screen shots from turnover process observed by camera. 
2.2.  Observation of impact deformation 
A Photron PCI 1024 capturing at 1000 fps was used to observe the impact deformation of the 
shuttlecocks using the same launch condition and launcher as the turnover study. Three shuttlecocks were 
evaluated- An intermediate grade feather shuttlecock (Yonex AS-5), a practice grade feather shuttlecock 
(Kason), and a synthetic foam feather shuttle (Mizuno NS-5). The design of the Mizuno NS-5 
incorporates a ring of string around the vanes of the shuttlecock. The effect of this on impact deformation 
was also investigated by doing a second observation on the NS-5 shuttle with the string removed, without 
damaging the vanes.   
3. Results and discussion 
3.1.  Turnover stability 
The observed angular response of the shuttlecocks can be categorized into stable and unstable 
response. For shuttlecocks with stable angular response, the turnover process will go through the 
following phases: 
• The stroke from a racket on the shuttlecock perturbs the shuttlecock resulting in large change in 
shuttlecock heading in the initial phase. The initially large negative angle of attack post-impact with 
the racket is due to the nose of the shuttlecock pointing against the direction of flight. 
• During the turnover stage, spring and damper-like behavior of the shuttlecock, attributed by 
aerodynamic moment acting on it, induces self-correction from the initial large negative angle of 
attack towards a neutral heading. 
• Resembling an under-damped system, the badminton shuttlecock overshoots in the correction. This 
over compensation can be seem during 0.015s < time < 0.03s in the response of a stable shuttlecock in 
Fig 2(a), where the shuttlecock now has a large angle of attack but in the opposite direction. 
• The overshoot generates restoring moment to return the shuttlecock from a large positive angle of 
attack to neutral. (time < 0.03s). 
• The damped behavior reduces the magnitude of overshoot with each oscillation. The shuttlecock 
eventually completes turnover where heading change is small.  
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An important assumption for the above-described behaviour is the generation of sufficient restoring 
moment. If the self-restoring moment is insufficient to stabilize the shuttlecock, pitch change will go 
beyond one full revolution from neutral. Such is seen in the angular response of the unstable shuttlecock 
in Fig 2(a) and Fig 2(b), which thus far, was only observed on in-house fabricated shuttlecock prototypes. 
 

Fig 2. (a) Angular response of a stable shuttlecock and an unstable shuttlecock in the turnover process; (b) Chronophotograph of the 
angular response of an unstable shuttlecock in the turnover phase. 
Most commercially available shuttlecocks will exhibit the stable behaviour. The turnover responses of 
the stable shuttlecocks were observed to be similar to that of a conventional under-damped mass-spring-
damper setup, which can be described by a 2nd order transfer function. Using linear model identification 
on Matlab with the P2U structure (two poles, under-damped), equivalent spring stiffness and natural 
frequencies were identified for the shuttlecocks. Mean and standard deviation of the median four runs of 
each shuttlecock are presented in Table 1. This approach is different from previous work, such as that by 
Cooke [6] and Texier et al. [7] where only time to complete turnover was used as performance indicator 
of turnover process.  
Table 1.  Identified means and standard deviations of the turnover parameters. 
Natural Frequency Damping Factor Mean overshoot 
/degree 
Time to complete 
turnover/s Mean Std. Dev. Mean Std. Dev. 
Li-Ning Grand Prix 0.0100 0.00047 0.460 0.0187 45 0.05 
Li-Ning A+600 0.0102 0.00109 0.390 0.0111 67 0.05 
Kason 0.0109 0.00192 0.388 0.0514 61 0.06 
Mizuno NS-5 0.0129 0.00156 0.368 0.0649 95 0.06 
Max 550 0.0119 0.00053 0.264 0.0056 106 0.055-0.06 
Yonex Mavis 350 0.0114 0.00033 0.282 0.0119 114 0.05 
 
The result shows the feather shuttlecocks having higher damping factor and smaller natural frequency 
than the synthetic shuttlecocks. Practically, it means feather shuttlecocks are able to complete turnover 
within a shorter duration, while having smaller overshoot. Indeed, such a trend was observed through the 
mean time to complete turnover, and the mean maximum overshoot during recovery. This is a desired 
performance trait for a badminton shuttlecock. It is proposed that such difference is attributed by the 
position of the center of gravity, and the shuttlecock pitching moment. Further analysis to correlate 
shuttlecock properties and performance is required. 
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3.2.  Impact deformation  
Screen shots of impact deformation for Kason’s practice grade feather shuttlecock and Yonex’s 
intermediate grade feather shuttlecock are presented in Fig 3 and Fig 4 respectively. Time interval 
between each photo in the sequence is 0.001s. Upon impact, the Kason shuttlecock demonstrated 
deformation pattern that is akin to a blooming flower. On the other hand, the Yonex feather shuttlecock 




Fig 3. Impact deformation of Kason feather shuttlecock (practice grade). 

Fig 4. Impact deformation of Yonex AS-5 feather shuttlecock (Intermediate grade). 
The importance of overall skirt structural stiffness in resisting skirt deformation can also be established 
by comparing the results of the Mizuno NS-5 shuttlecock, with and without the string reinforcement, as 
given in Fig 5 and Fig 6. No significant deformation was observed on the NS-5 when the reinforcing 
string was attached. However, the NS-5, being a synthetic shuttlecock, has relatively soft feather shafts. It 
was the ring of reinforcing string that was maintaining the skirt integrity at impact. Removal of the string 
resulted in severe deformation upon impact of the same magnitude. The opening of the skirt, as seen in 
Fig 6, is similar to that observed on the Kason shuttlecock. This signifies that overall skirt structural 
strength is more important than individual feather shaft strength in resisting skirt deformation. This will 
be a critical point in attaining desired performance without using exotic materials in future development 
of synthetic shuttlecocks. 
 
 
Fig 5. Impact deformation of Mizuno NS-5 shuttlecock in original configuration (synthetic foam feather with reinforcing string). 
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Fig 6. Impact deformation of Mizuno NS-5 shuttlecock with reinforcing string removed. 
4. Conclusion 
• All shuttlecocks that were tested were able to complete turnover within 0.06s, with feather 
shuttlecocks taking less time. 
• From the angular response observed, feather shuttlecocks have higher damping factor and smaller 
natural frequency. Therefore, they achieved stable flight state in a shorter time, while experiencing 
lesser overshoot. 
• Further evaluation is required to study the determinants in turnover performance. 
• Skirt structural strength is critical in resisting deformation of the skirt upon impact with a racket. 
• Inferior feather shaft strength can be compensated by the application of reinforcement to attain the 
desired deformation resistance property. 
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